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Introduction
============

Epigenetic regulation of development and postmitotic homeostasis of mouse retina is an exciting area of research, which promises to bring a novel understanding of biological mechanisms controlling retinogenesis and cell fate determination, cell type-specific metabolic function as well as cell pathologies, cell death and regeneration[@B0][@B1][@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9][@B10][@B11][@B12]. Chromatin undergoes dynamic changes in development, as well as in response to variable external signals whether it is stress, metabolic or cell death stimuli[@B5][@B13][@B14][@B15][@B16][@B17]. In mouse nuclei, chromatin is divided into active euchromatin and inactive heterochromatin[@B5][@B18][@B19]. In interphase nucleus, euchromatin resides in the inner region of the nucleus whereas heterochromatin lines the nuclear periphery and nucleolus. This pattern is called conventional and is highly conserved in eukaryotes. In contrast, rod nuclei in nocturnal animals such as mouse and rat have inverted pattern where the nucleus is occupied by the heterochromatin in the center surrounded by euchromatin forming the outermost shell[@B5][@B17][@B19]. At birth, rod nuclei have conventional nuclear architecture. Inversion of rod nuclei occurs during development by remodeling of conventional nuclear architecture. During this process, peripheral heterochromatin separates from the nuclear periphery and chromocenters fuse together to form a single chromocenter in the center of the nucleus[@B5][@B17].

Genomic DNA methylation participates in controlling local chromatin conformation[@B20]. DNA methylation occurs at the 5\' position of cytosine residues of CpG dinucleotides that are enriched in the promoter region of many genes in mouse genomes[@B21][@B22][@B23][@B24][@B25] as well as in intergenic and intron regions, which carry regulatory elements[@B26]. Methylation of CpG islands in proximal promoters[@B20][@B23] and CpG sequences in gene enhancers[@B26][@B27] is important in regulating the dynamic state of bivalent chromatin, containing many developmental genes/transcription factors playing important role in development, cancer and aging[@B28][@B29][@B30][@B31][@B32][@B33]. Three DNA methyltransferases (DNMTs) participate in DNA methylation during mouse development[@B34]. All three DNMTs are expressed during mouse retinal development[@B35] and retina-specific changes in *Dnmt* genes impact retinal development[@B1][@B6]. Hydroxymethylcytosine (5hmC) is the oxidative product of 5-methylcytosine (5mC) demethylation. The three Ten-Eleven Translocation (TET) enzymes participate in 5mC demethylation[@B36][@B37][@B38]. Hydroxymethyl-C modification is enriched in promoters, gene bodies and intergenic genomic sequences within gene rich and actively transcribed regions[@B26][@B39].

There is a variety of described approaches for determining changing DNA methylation patterns in cells[@B40][@B41][@B42][@B43][@B44][@B45], some of them enabling quantifying global changes of DNA methylation while others focusing on precise changes in CpG-rich regions within promoters and enhancers. Methods for detecting and quantification of 5hmC were also reported[@B46], including by immunohistochemistry[@B12]. Immunohistochemical techniques, which enable robust monitoring of 5mC and 5hmC changes in nuclei of developing and postmitotic cells, are very informative for delineating chromatin dynamics *in situ* in response to external or internal changes impacting the cells[@B3][@B12][@B47][@B48]. However, this approach is prone to underestimating DNA methylation and hydroxymethylation changes due to technical difficulties, associated with detecting cytosine modifications in histological preparations. This is because the nonpolar DNA bases, including 5mC and 5hmC-modified cytosine, are hidden within the center of the double-stranded DNA helix[@B49], and require unmasking. This is especially challenging in frozen histological preparations, which may rapidly lose informative organization of the original tissue when harsh treatment is applied.

The mouse retina is an excellent model to dissect the contribution of DNA methylation to neural development and postmitotic homeostasis. There are only 6 types of neurons (rod and cone photoreceptors, amacrine, bipolar, horizontal and ganglion cells), one glial cell type (Muller glia) and one neuroepithelial cell type (retinal pigment epithelium)[@B50]. Retinal cell types were reported to have distinct patterns of DNA methylation[@B17][@B18], which recently has been studied at single-base resolution[@B0][@B4][@B8][@B11]. We recently reported immunohistochemistry application to delineating 5mC pattern of distribution within nuclei of retinal cells and changes in the nuclei of adult mouse retina, where all three DNA methyltransferases have been removed by conditional targeting[@B6]. Compared to a number of reports, where the presence of DNA methylation in retinal cells could be viewed only as a positive or negative signal in hypermethylated cells undergoing apoptosis, our approach enabled detecting specific chromatin arrangement within the retinal cell nuclei, which we and several groups reported and discussed earlier[@B4][@B5][@B6][@B17][@B18][@B35][@B51]. Here, we describe the immunohistochemical (IHC) technique of detecting 5mC and 5hmC in frozen paraformaldehyde-fixed histological sections in details as well as demonstrate the data, which we were able to reproduce from our original report[@B6].

Protocol
========

All procedures with mice were performed in accordance with protocols approved by the Children\'s Hospital Oakland Research Institute animal care and use committee and adhered to the Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research.

1. Tissue Preparation for Immunostaining
----------------------------------------

1.  Euthanize C57 BL/6J mice at embryonic day (E) 16, postnatal day (P) 0, P15 and P90 by carbon dioxide (CO~2~) followed by decapitation (E16 and P0 mice).

2.  Immediately enucleate mouse eyes punctured with 29G1/2 needle on the dorsal side of the eye. Incubate for 5 minutes (min) in 1 mL of 4% paraformaldehyde (PFA) in phosphate-buffered saline (1x PBS) pH 8.0 at room temperature.

3.  To make eye cups from P0, P15 and P90, dissect out cornea and lens with fine ophthalmic scissors while eyes are in the 4% PFA. NOTE: Skip this step for E16 eyes as the eyes are too small.

4.  Fix the eye cups (P0, P15 and P90) and the whole eyes (E16) in 4% PFA for 20 min at room temperature. Then wash the eye cups and whole eyes twice in 1 mL of 1x PBS for 10 min at room temperature.

5.  Cryoprotect the eye cups and whole eyes in 1xPBS, pH 8.0 containing 10% sucrose for 1 hour. Keep in 20% sucrose in 1x PBS for 1 hour and then saturate in 30% sucrose in 1x PBS overnight at 4 °C.

6.  The next day, embed the eye cups and the whole eyes in optimal cutting temperature compound (OCT), (500 µL) in cryomolds, snap-freeze in a dry ice/ethanol bath, and store at -80 °C.

7.  Remove the molds with embedded eye cups and whole eyes from -80 °C and allow to equilibrate to -20 °C for 1 hour before cryosectioning.

8.  Cut retinal cross sections (12 µm thick) parallel to the temporonasal axis through the optic nerve head using a cryostat at -20 °C.

9.  Mount retinal sections on microscope slides[@B52] and store at -80 °C.

2. Immunostaining with 5-mC and 5-hmC Antibodies
------------------------------------------------

1.  Encircle the retinal sections mounted on slides with a hydrophobic barrier pen. The hydrophobic barrier pen reduces the volume of antibody required to stain the tissue.

2.  Wash the retinal sections once with 200 µL of 1x PBS for 10 min.

3.  Permeabilize the retinal sections with 200 µL of 0.1% Triton X-100 in 1x PBS (PBS-T) for 10 min at room temperature.

4.  Denature retinal sections for 30 min with 200 µL of freshly made 2 N hydrochloric (HCl) acid in 1x PBS in a 37 °C incubator. NOTE: Careful titration of HCl treatment is needed to optimize the 5mC signal.

5.  Always include biological replicates (3-4) while optimizing 5mC signal[@B53]. NOTE: We did antigen retrieval at 4 time points (15 min, 30 min, 1 h and 2 h) and found 30 min incubation is optimal for 5mC signal. Longer incubation with HCl degrades the structure of nuclei leading to inability to localize 5mC signal to the nucleus.

6.  After denaturation, neutralize retinal sections by adding 100 µL of 0.1 M Tris-HCl (pH 8.3) on retinal sections for 10 min.

7.  Incubate the sections in 500 µL of blocking solution (5% preimmune normal goat serum in 0.1% Triton X-100 in 1x PBS) for 1 h at room temperature in a humidity chamber.

8.  After blocking, add anti-5mC; anti-5hmC antibodies diluted 1:500 in blocking solution to the retinal sections.

9.  Incubate retinal sections overnight at 4 °C in humidity chamber.

10. The next day wash, retinal sections 3 times (10-15 min each time) with 0.1% PBS-T and then incubate in blocking solution with the corresponding secondary antibodies (Goat Anti-Rabbit and Goat Anti-Mouse IgG, diluted; 1:1000), containing DAPI ( 4\', 6-diamidino-2-phenylindole) solution (1 µg/mL) at room temperature for 1 h in blocking solution. NOTE: Avoid drying of sections during all stages of immunodetection.

11. Wash the slides three time with 1 mL of 0.1% PBS-T.

12. After the last wash, mount the sections with aqueous mounting medium under a coverslip and seal with colorless nail polish.

3. Confocal Immunohistochemistry
--------------------------------

1.  Orient the sections to have the retinal pigment epithelium side of the optic cup always facing one way (*e.g.,* up), for consistency.

2.  Perform image capture of immunostained retinal sections at 63X (magnification of an objective lens) with 2X or 3X zoom.

3.  Generate multiple optical sections of each selected image (*z*-stacks) in all 3 channels (Red, Green and Blue, RGB) using 0.35 µm step. NOTE: The final magnification of a specimen visualized at 10-20X (magnification of an objective lens) will be 63X, respectively, when combined with a (typically used) 10X ocular lens. Visualize compressed optical stack to locate the 5mC and 5hmC signal

Representative Results
======================

To determine the distribution of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) during retinal development and in postmitotic retina, we immunostained C57BL/6J mouse retinal section from E16, P0, P15 and P90 with antibodies specific to 5mC and 5hmC.

At E16 the 5mC staining was strong in chromocenters of the cell nuclei while weak staining was observed in the whole cell nuclei ([Figure 1a](#F1){ref-type="fig"}). The 5hmC staining was confined to the cell nuclei and was absent from the chromocenters ([Figure 1b](#F1){ref-type="fig"}).

In P0 retina, the 5mC signal was localized to the chromocenters of the cell nuclei and nuclear periphery ([Figure 2a](#F2){ref-type="fig"}, arrow and arrowhead). We also observed weak staining of 5mC between the chromocenters of the cell nuclei. The 5hmC signal was strongly present in the cell nuclei except for the chromocenters ([Figure 2b](#F2){ref-type="fig"}). We found more nuclei are stained with 5mC and 5hmC in inner neuroblast layer (INBL) ([Figure 2c](#F2){ref-type="fig"}, dotted line)

In P15 retina, we found strong staining of 5mC and 5hmC in outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) ([Figure 3](#F3){ref-type="fig"}). In ONL (rod photoreceptors), the 5mC signal was present in the chromocenters of the cell nuclei and nuclear periphery (**Figures 3a-3c, 3g**). The 5hmC signal was found in the whole cell nuclei except for the chromocenters (**Figures 3d-3f**). The transmission electron microscopy done on P15 retina shows distribution of heterochromatic domains in rod cell nuclei similar to that found with 5mC antibody signal (**Figures 3h** and **3i**).

The 5mC staining in INL and GCL was strong in the chromocenters of the cell nuclei and weak staining was also observed in whole cell nuclei (**Figures 3j-3l** and **3r-3t**). In contrast to 5mC, the 5hmC signal was localized to the whole cell nuclei except for the chromocenters in INL and GCL (**Figures 3m-3o** and **3u-3w**). We observed strong 5hmC signal on the periphery of GCL cell nuclei.

In adult rod photoreceptors, the 5mC signal was restricted to the chromocenter and nuclear periphery of the cell nuclei (**Figures 4a-4c**) while 5hmc signal was confined to the nuclear periphery (**Figures 4d**-**4f**).

**Figure 1. Localization of 5-methylcytosine and 5-hydroxymethylcytosine in mouse retina at embryonic day 16.** Immunostaining of C57BL/6J retina with antibodies to 5mC (red, a) and 5hmC (green, b). At E16, 5mC signal is very strong in chromocenters of the cell nuclei and also present in the whole cell nuclei at much lower level. 5hmC staining was exclusively confined to the cell nuclei. Panel c represents merged 5mC and 5hmC image. Nuclei are counterstained with DAPI (blue, c). Insets represent magnification of area shown with asterisk in the images. Scale bar: 5 µm. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/58274/58274fig1large.jpg)

**Figure 2. Immunohistochemical staining of 5-methylcytosine and 5-hydroxymethylcytosine in mouse retina at postnatal day 0.** Immunolabeling of C57BL/6J retina with antibodies to 5mC (red, a) and 5hmC (green, b). In P0 retina, 5mC and 5hmC are present in both outer neuroblast layer (ONBL) and inner neuroblast layer (INBL). a) 5mC signal is strongly present in the chromocenters (arrow) and nuclear periphery of the cell nuclei (arrowhead). Weak staining of 5mC is also observed in between the chromocenters of cell nuclei. b) 5hmC staining is confined to the cell nucleus and strong signal is observed in INBL (dotted line in panel c). Panel c represents merged 5mC and 5hmC image. Nuclei are counterstained with DAPI (blue, c). Insets represent magnification of area shown with asterisk in the images. Scale bar: 5 µm. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/58274/58274fig2large.jpg)

**Figure 3. 5-methylcytosine and 5-hydroxymethylcytosine distribution in mouse retina at postnatal day 15.** Immunostaining of C57BL/6J retina with anti-5mC and 5hmC antibodies (a-g, j-y). In outer nuclear layer (ONL) (rod photoreceptors), 5mC signal (red, a) usually coincides with the chromocenters of the cell nuclei (arrowhead, b) and also localizes to the nuclear periphery (arrow, b). Panel b (red) and c (grey) represent magnification of area shown with asterisk in the image a. The 5hmC signal (green, d) is confined to the whole cell nuclei except for the chromocenters. Panel e (green) and f (grey) represent magnification of area shown with asterisk in the image d. Panel g represents merged 5mC and 5hmC image. Nuclei are counterstained with DAPI. Panel h and i are transmission electron microscope image of photoreceptor nuclei at postnatal day 15 showing distribution of heterochromatic domains. Black arrowhead in panel h points to single rod photoreceptor nucleus enlarged in panel i. Red arrowheads in panel i point to heterochromatic domains within rod photoreceptor nucleus while red arrows point to heterochromatin in the nuclear periphery. In INL (j-q) and GCL cell nuclei (r-y), the 5mC signal (red) is localized to the chromocenters present in the periphery and weak staining is also detected in the rest of the cell nuclei. Panel k (red) and i (grey) represent magnification of area shown with asterisk in the image j. The 5hmC staining (green) in INL and GCL cell nuclei is confined to the whole cell nucleus. Note strong 5hmC staining in the nuclear periphery of GCL cells. Panel p and x represent merged 5mC and 5hmC image while panel q and y represent magnification of area shown with asterisk in the image p and x respectively. Nuclei are counterstained with DAPI. Scale bar: 5 µm. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/58274/58274fig3large.jpg)

**Figure 4. 5-methylcytosine and 5-hydroxymethylcytosine distribution in rod photoreceptor nuclei of C57BL/6J mouse retina at postnatal day 90.** The 5mC staining (red, a) is strongly present in the chromocenter of the cell nuclei and also weakly present in the nuclear periphery. Panel b (red) and c (grey) represent magnification of area shown with asterisk in the image a. The 5hmC staining (green, d) is exclusively confined to the nuclear periphery Panel e (green) and f (grey) represent magnification of area shown with asterisk in the image d. Panel g represents merged 5mC and 5hmC image while panel h is magnification of area shown with asterisk in the image g. Nuclei are counterstained with DAPI (blue). Scale bar: 5 µm. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/58274/58274fig4large.jpg)

Discussion
==========

DNA methylation and hydroxymethylation are dynamic and reversible DNA modifications, which modulatethe diverse range of biological mechanisms in a developing as well as in postmitotic cells. Here, we describe a reproducible technique for detecting 5mC and 5hmC DNA modifications *in situ* by immunohistochemical technique (using anti-5mC and anti-5hmC antibodies) in paraformaldehyde-fixed frozen sections of mouse retina, and provide guidelines for improving and standardizing the results, especially when comparing several different specimens. We earlier used this method to delineate 5mC changes in mouse retina with retina-specific targeting of *Dnmt1*, *Dnmt3a* and *Dnmt3b*DNA methyltransferase genes, and reported the (expected) depletion of 5mC marks in their retinas[@B6].

The critical step in 5mC immunohistochemical detection is optimization of treatment of histological sections with HCl: less than 15 min pretreatment is not expected to produce reproducible results, whereas excessive treatment with HCl destroys the nuclear architecture. We found best result after 30 min incubation with HCl. We recommend to always use freshly diluted HCl and freshly made 4% PFA solution for DNA denaturation and retinal tissue fixation.

To troubleshoot the results, we recommend to include three to four biological replicates while optimizing 5mC signal. While each individual set of immunohistochemical staining may generate slightly different results (more or less bright heterochromatic regions), which is expected in immunohistochemical method, the 5mC and 5hmC nuclear distribution within the individual set of sections is expected to be very reproducible, for as long as the protocol is followed.

This technique also has limitation as we consistently observed variability in 5mC distribution in the photoreceptor cell nuclei within the same section. We found some nuclei showed strong 5mC signal while adjacent cell nuclei showed no 5mC signal. This is due to limitation in unmasking 5mC antigen by HCl treatment in frozen sections.

The significance of this technique enables 5mC localization without DNase and proteinase K treatment leading to better preservation of chromocenters. This technique is expected to work robustly on any sections from all vertebrate animal tissues, carrying 5mC, 5hmC marks, and processed with a similar approach, not only mouse retina, for as long as the protocol is followed.
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